The male-specific lethal (MSL) protein-RNA complex is required for X chromosome dosage compensation in Drosophila melanogaster. The MSL2 and MSL1 proteins form a complex and are essential for X chromosome binding. In addition, the MSL complex must integrate at least one of the noncoding roX RNAs for normal X chromosome binding. Here we find the amino-terminal RING finger domain of MSL2 binds as a complex with MSL1 to the heterochromatic chromocenter and a few sites on the chromosome arms. This binding required the same amino-terminal basic motif of MSL1 previously shown to be essential for binding to high-affinity sites on the X chromosome. While the RING finger domain of MSL2 is sufficient to increase the expression of roX1 in females, activation of roX2 requires motifs in the carboxyl-terminal domain. Binding to hundreds of sites on the X chromosome and efficient incorporation of the roX RNAs into the MSL complex require proline-rich and basic motifs in the carboxyl-terminal domain of MSL2. We suggest that incorporation of the roX RNAs into the MSL complex alters the binding specificity of the chromatin-binding module formed by the amino-terminal domains of MSL1 and MSL2.
In Drosophila melanogaster, X chromosome dosage compensation is achieved by doubling the expression of most X-linked genes (5, 16, 17, 48) . The male-specific lethal (MSL) ribonucleoprotein complex is required for this process. The core of the MSL complex consists of MSL1, MSL2, MSL3, the males absent on the first (MOF) and maleless (MLE) proteins, and at least one of the roX1 and roX2 noncoding RNAs (9, 26, 41, 47) . Several other proteins have been shown to copurify with the core MSL complex, including components of the nuclear pore (35) . In addition, the MSL complex interacts with proteins such as HP1 and ISWI that facilitate chromatin compaction (7, 46) and with the DNA supercoiling factor that is important for hypertranscription of X-linked genes and may counteract ISWI (12) . The MSL complex binds to hundreds of sites along the X chromosome in male larval salivary gland nuclei (21, 26) . Highresolution chromatin immunoprecipitation-chip studies have shown that the MSL complex binds within most actively expressed X-linked genes (2, 13, 23) . MSL1 and MSL2 have been shown to directly form a complex by yeast two-hybrid analysis and by coimmunoprecipitation of in vitro translated proteins (6, 24) . Complex formation is mediated by the amino-terminal domains of both proteins (6, 44 ). An apolar motif in MSL1, which immediately precedes a leucine zipper-like motif, has been shown to be essential for binding to MSL2 (24) . Amino acid residues in the RING finger domain of MSL2 and in the immediately preceding predicted coiled-coil motif, are essential for binding to MSL1 in yeast (6) .
MSL1 and MSL2 are essential for binding of the MSL complex to the male X chromosome (27) . Neither MSL1 nor MSL2 binds to the X chromosome in the absence of the other protein (27) . However, in mle, msl3, or mof mutant larvae, the MSL1/ MSL2 complex binds to approximately 30 high-affinity sites on the X chromosome (14, 27) . Two of these sites are within the roX1 and roX2 genes. roX2 is specifically expressed in males from 6 h onward (31) . roX1 is initially expressed in both male and female embryos but is male specific from midembryogenesis onward (31) . In roX1 roX2 double-mutant males, there is a dramatic relocation of most of the MSL complex from the X chromosome to a few autosomal sites, the fourth chromosome, and the pericentromeric heterochromatin (33) . There is also some residual binding to several sites on the X chromosome.
With the long-term aim of understanding how the MSL complex selectively binds to the male X chromosome, we have previously identified motifs in the MSL1 protein that are essential for X chromosome binding (24) . In addition to the apolar motif that is essential for binding to MSL2, an aminoterminal basic motif was essential for binding to the highaffinity sites. The basic motif is highly conserved among the MSL1 proteins predicted from the genome sequences of several Drosophila species. The aim of this study was to identify motifs in the MSL2 protein that are required for X chromosome binding.
MATERIALS AND METHODS
Construction of truncated msl2 mutant plasmids. The pBluescript-msl2 cDNA plasmid was used as a template for PCR to amplify the truncated MSL2 mutants with respective primers containing an EcoRI site in the forward primer and an XbaI site in the reverse primer. The PCR products were digested with EcoRI and XbaI and cloned into P transformation vector pCaSpeR-hs. The MSL2 )F construct with a C-terminal FLAG tag was made by using a reverse primer encoding the FLAG peptide (5Ј-TCTAGATTACTTGTCATCGTCGTCCTTG TAGTCGTGATCATAGGGCAGTTCCGG-3Ј). MSL2(490-773)F with an Nterminal FLAG tag was created by PCR with a forward primer containing FLAG sequences (5Ј-GAATTCAACATGGACTCAAGGACGACGATGACAAGGA GGTCAAGACTAAAGTGCAA-3Ј).
Fly transgenesis and genetic crosses. Maintenance of Drosophila cultures and generation of P transformant lines were done as previously described (24 /Bc males. Homozygous msl1 L60 female larvae were distinguished by the absence of a black cell marker.
To determine if expression of truncated versions of MSL2 could rescue msl2 mutant males, w; msl2 1 /CyO; P[HSP-MSL2 wϩ] males and females were crossed, raised at 25°C, and given a daily heat shock of 37°C for 30 min. Without the daily heat shock, msl2 males were not rescued by expression of the hsp-msl2 transgenes (not shown).
Immunofluorescent polytene chromosome staining and in situ hybridization. Transgenic female larvae were grown at 25°C. For heat shock, the larvae were treated at 37°C for 20 min and then left to recover at 25°C for 4 h. Polytene chromosome squashes and immunostaining were carried out according to the procedures of Lyman et al. (27) and Li et al. (24) . Rat anti-hemagglutinin (HA; Roche), rabbit anti-MSL2, rabbit anti-MSL1, goat anti-MSL3, rabbit anti-MLE, rabbit anti-MOF, rabbit anti-H4K16ac (Upstate), and rabbit anti-HP1 (Abcam) were used as primary antibodies. Fluorescein isothiocyanate (FITC)-conjugated rabbit anti-rat (Sigma), Alexa Fluor 594-conjugated donkey anti-rabbit (Molecular Probes), and FITC-conjugated rabbit anti-goat (Sigma) were used as secondary antibodies. DNA was stained by 4Ј,6Ј-diamidino-2-phenylindole (DAPI).
Fluorescence in situ hybridizations of polytene chromosome were performed as previously described (34) . Briefly, single-stranded antisense roX1 probe was labeled by in vitro transcription with biotin RNA labeling mix (Roche) with roX1 1.6-kb cDNA (nucleotides 1536 to 3110) in pGEM as the template. Chromosome spreads were fixed in 4% formaldehyde, treated with proteinase K, washed in glycine, and prehybridized at 42°C for 3 h. Hybridizations containing biotinylated riboprobe were carried out overnight at 42°C. The biotin-avidin system (Vector Laboratories) was used for detecting hybridized biotin-labeled probes under conditions recommended by the manufacturer. Briefly, after hybridization, chromosome spreads were blocked for 30 min in 1ϫ ISH blocking solution at 37°C and then incubated with fluorescein-avidin DCS solution (5 g/ml) for 30 min at room temperature. After washing, the chromosome spreads were incubated with biotinylated anti-avidin (5 g/ml) solution for 30 min. Slides were washed and then incubated again with fluorescein-avidin DCS solution for 30 min. The final wash was in 4ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% Tween 20. Slides were mounted with Vectashield mounting medium containing DAPI.
RNA expression analysis. Total RNA was extracted from adult flies with TRIzol reagent (Life Technologies/Invitrogen) and subsequently treated with Turbo DNase (Ambion). For Northern blot hybridization analysis, 20 g of total RNA was loaded per lane and the membrane was hybridized with a 32 P-labeled roX1 cDNA fragment derived from a 262-bp PCR product (nucleotides 1535 to 1797). Blots were stripped and reprobed with a fragment from the rp49 gene as a loading control. For quantitative real-time reverse transcription (RT)-PCR, 1.5 g of total RNA was used to synthesize cDNA with Expand reverse transcriptase (Roche) under conditions recommended by the manufacturer. Real-time PCR was performed with a LightCycler 480 real-time PCR system and a LightCycler 480 SYBR green I master kit (Roche Applied Science). A standard curve of amplification efficiency for each set of primers was generated with a serial dilution of cDNA. The primers used for real-time PCR were roX1 forward (5Ј-ATGCGAGCGAGACAATGATACT-3Ј) and reverse (5Ј-GACTTGCAGT CCGCCCTATG-3Ј), roX2 forward (5Ј-AGCTCGGATGCCATCGAAA-3Ј) and reverse (5Ј-CGTTACTCTTGCTTGATTTTGCTTCG-3Ј), and pka forward (5Ј-TTCTCGGAGCCGCACTCGCGCTTCTAC-3Ј) and reverse (5Ј-CAATCAGC AGATTCTCCGGCT-3Ј) (4). Samples were analyzed in triplicate in a 10-l final volume containing 1 l of cDNA, 1ϫ LightCycler 480 SYBR green I master kit (Roche Applied Science), and 500 nM each primer and subjected to 45 cycles of PCR (initial denaturation for 10 min at 95°C, 95°C for 10 s, 57°C for 10 s, and 72°C for 20 s). Melting curve analysis was performed to eliminate nonspecific products from the reaction. pka RNA levels were used for normalization. Calibrator-normalized relative quantification analysis was performed with the Roche LightCycler 480 Relative Quantification Software (version 1.2.9.11). Control quantitative RT-PCR was also performed without reverse transcriptase. No significant amplification was observed with any of the samples and primer sets used (cycle threshold [C T ], Ͼ38).
Immunoprecipitation and Western blotting. Immunoprecipitation of FLAGtagged versions of MSL2 and of full-length MSL2 from female extracts and Western blotting were carried out as described previously (24) , except that the immunoprecipitation and wash buffers used contained 150 mM NaCl since association of MLE with the MSL complex is reduced if high-salt buffers are used for immunoprecipitation analysis (45) . For the RNA coimmunoprecipitation experiments, female adult flies from indicated MSL2 mutants were heat shocked at 37°C for 1 h and then transferred to 25°C for 4 h. Flies were frozen in liquid nitrogen and store at Ϫ70°C. Approximately 100 flies were homogenized in 2 ml of cold lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% Nonidet P-40, 10 M dithiothreitol) containing RNasin proteinase inhibitor (Roche). The homogenate was put on ice for 30 min and then centrifuged at 20,800 ϫ g for 10 min at 4°C. The supernatant was preincubated with 50 l of a 50% slurry of protein A-Sepharose beads (Sigma) for 1 h at 4°C with rocking. After a brief (30-s) centrifugation, the protein concentration was determined by the Bradford method. A 1.2-mg sample of whole lysate proteins was either incubated with 100 l of a 50% slurry of protein A-Sepharose beads prebound with anti-MSL2 antibody or no antibody (mock) in 800 l of lysis buffer containing RNasin proteinase inhibitor for 4 h at 4°C with rocking. The beads were then washed four times with lysis buffer containing RNasin and proteinase inhibitor and then once with TE buffer. Total RNA in the pellet was treated with Turbo DNase (Ambion), extracted with phenol-chloroform, and precipitated with ethanol. The RNA pellet was dissolved in 10 l of diethyl pyrocarbonate-treated water. A 5-l volume of immunoprecipitated RNA was used for RT. Quantitative RT-PCR was performed with roX1, roX2, and pka primers as described above. Fold differences were determined by raising 2 to the C T power, where
RESULTS
Binding patterns of truncated versions of MSL2 to polytene chromosomes. Previous comparisons of Drosophila melanogaster MSL2 amino acid sequence with orthologous sequences from invertebrates and vertebrates identified two well-conserved motifs, a RING finger domain at the amino end and a cysteine-rich "CXC" domain toward the carboxyl end (29) . The function of the CXC domain is unknown. However, the RING finger domain (amino acids [aa] 1 to 190) is sufficient to bind to MSL1 in yeast (6) . To determine which domains of MSL2 are important for X chromosome binding, we generated transgenic Drosophila lines that express truncated versions of MSL2 ( Fig. 1A and B). MSL2 expression was controlled with the heat-inducible hsp70 promoter, which has a low basal activity. As overexpression of some of the MSL proteins can lead to nonspecific chromatin binding (42, 44) , larvae were not heat treated in this study unless otherwise indicated. Since the endogenous MSL2 protein is only present in males (50), salivary gland nuclei from transgenic female larvae were stained with anti-MSL2 antibody. The binding pattern was determined in at least two independent transgenic lines for each gene construct.
The RING finger domain of MSL2 bound to a few sites on the X chromosome and autosomes, to sites on the fourth chromosome, and to the chromocenter ( Fig. 1C and D) . The strongly stained site on the X chromosome was mapped to 8D ( Fig. 1E ), which does not contain one of the high-affinity sites. The nearest high-affinity sites are at 8A and 8E (8, 27) . Weaker but consistent binding was detected at the high-affinity sites at 3F and 10C (see below). Binding to other sites on the X chromosome was generally not observed, although in some nuclei binding was seen at 2B. Binding to autosomal sites was highly variable, with the notable exception that strong staining was consistently seen at 21B, toward the tip of the left arm of chromosome 2 (Fig. 1F) . A longer version of MSL2(1-524) that did not include the CXC domain showed a similar binding VOL. 28, 2008 roX RNAs ALTER CHROMATIN BINDING OF MSL1/MSL2 1253 pattern ( Fig. 1G) . Surprisingly, inclusion of the conserved CXC motif [MSL2(1-649)] (Fig. 1H ) did not substantially change the binding profile. Thus, normal binding to the X chromosome must require motifs between the CXC domain and the carboxyl terminus. We reasoned that motifs important in X chromosome binding would be well conserved among Drosophila MSL2 homologs. Alignment of the MSL2 carboxylterminal domain sequences from nine Drosophila species identified three regions where the amino acid composition is well conserved (see Fig. S1 in the supplemental material). They were an acid-rich motif that immediately followed the CXC domain, a proline-rich motif (aa 685 to 713 in D. melanogaster MSL2), and a 12-aa base-rich motif that follows the prolinerich motif. In addition, a 66-aa region that immediately pre- (C to N) Female larval salivary gland nuclei from transgenic lines were stained with anti-MSL2 antibody (red) and counterstained with DAPI (blue). All MSL2 protein is expressed from the transgene, as there is no production of MSL2 protein from the endogenous gene in female nuclei. MSL2(1-193)F bound to heterochromatin at the chromocenter (arrowhead) and fourth chromosome (4) (C and D) and to a few other sites, including 8D (asterisk) on the X chromosome (C and E) and 21B on the second chromosome (F). MSL2(1-524) (G), MSL2(1-649) (H), and MSL2(1-684) (I) bound in a similar pattern to MSL2(1-193)F (C), although MSL2(1-684) bound more weakly to chromatin. MSL2(1-743), which contains a proline-rich motif and basic motifs, bound to many sites on the X chromosome (K), as did the control of full-length MSL2 expressed from the hsp70 promoter (J). MSL2(1-743) does not bind to the chromocenter (L) or autosomal sites such as 21B (M). No significant binding to either the X chromosome or chromocenter was detected with just the carboxyl-terminal region of MSL2(490-773)F (N). 1I) . Inclusion of the proline-rich and basic motifs (1 to 743) ( Fig. 1K) , however, resulted in binding to many sites on the X chromosome in a pattern very similar to that seen with full-length MSL2 (Fig. 1J ). Binding to the chromocenter was lost (Fig. 1L) , as was binding to some autosomal sites, including 21B (Fig. 1M) . The carboxyl-terminal domain of MSL2, which cannot form a complex with MSL1, did not bind significantly to sites on the X chromosome or chromocenter (Fig. 1N) . Expression of any of the truncated versions of MSL2 did not disrupt the normal X chromosome binding of MSL1 in males (not shown). However, in MSL2(1-193)F, MSL2(1-524), MSL2(1-649), and MSL2(1-683) males there was abnormal binding of MSL1 to 21B, which is presumably due to expression of the truncated form of MSL2. Further, overexpression of MSL2(1-193)F, induced by administering a daily heat shock of 1 h at 37°C, had no effect on male viability (241 males, 204 females). The level of MSL1 protein in females is lower than in males, as MSL1 is stabilized by MSL2 (37) . Since MSL2 does not bind to the male X chromosome without MSL1 (27) , it is possible that differences in the chromatin-binding profile of the truncated versions of MSL2 could, in part, be due to variation in the level of MSL1 protein. However, similar levels of MSL1 protein were present in females that express any version of MSL2 that contains the amino-terminal RING finger domain (not shown). Further, the level of MSL1 was comparable to that of males. We next asked if the expression of any of the truncated versions of MSL2 could rescue msl2 mutant males. We found that homozygous msl2 males were viable if either full-length MSL2 or MSL2(1-743) was expressed (Table 1) . That is, only the truncated version of MSL2 that bound normally to the X chromosome could rescue msl2 males.
The amino-terminal domain of MSL2 binds to chromatin complexed with MSL1. The binding pattern of the aminoterminal domain was similar to that of MSL2 in roX1 roX2 mutant male nuclei where MSL2 bound to the chromocenter, the fourth chromosome, to several sites on the X chromosome and a few sites on the autosomes, including 21B (33) . The intensity of binding to sites on the X chromosome diminished with increasing severity of the roX1 allele (11) . The other core protein components of the MSL complex colocalized with MSL2 to the chromocenter and other sites (10, 36) . Thus, we next investigated if the other MSL proteins colocalized with the amino-terminal domain of MSL2. In female nuclei that express MSL2(1-193)F, MSL1 bound to the chromocenter and to a few sites on the X chromosome and autosomes ( Fig. 2A) . In particular, consistent binding was seen at 8D and 10C on the X chromosome and 21B on chromosome two. Furthermore, the other MSL proteins, MSL3, MOF, and MLE, showed a similar binding pattern, although MLE bound to more sites than MSL1 (Fig. 2B to D) . There was a significant enrichment for histone H4 acetylated at lysine 16 at the chromocenter, indicating that MOF bound to the pericentric heterochromatin is active (Fig. 2E) . These results suggest that expression of the amino-terminal domain of MSL2 is sufficient for the protein components of the core complex to assemble into a complex.
To determine if MSL1 was required for binding of the RING finger domain of MSL2 to chromatin, a line carrying the MSL2 )F transgene was crossed into an msl1 L60 null mutant background. There was no significant binding of MSL2 F to chromatin in homozygous msl1 L60 female nuclei (Fig.  3A) . We previously found that the amino-terminal domain of MSL1 is sufficient for the MSL1/MSL2 complex to bind to high-affinity sites on the X chromosome (24) . To determine if this was also the case for binding to the chromocenter, a recombinant line that carried both the MSL2 )F and MSL1(1-265)HA transgenes was crossed into an msl1 L60 null mutant background. It was necessary to cross into an msl1 mutant background as the amino-terminal domain of MSL1 contains a glycine-rich motif that mediates self-association of MSL1 (24) . The amino-terminal domains of MSL2 and MSL1 colocalize to the chromocenter and other sites in homozygous msl1 L60 female nuclei (Fig. 3B) . A well-conserved 26-aa basic motif at the amino end of MSL1 was essential for binding of the amino-terminal domain to high-affinity sites on the X chromosome (24) . To determine if the same motif is essential for binding to the chromocenter, homozygous msl1 L60 female nuclei that coexpress MSL1(27-265)HA and MSL2(1-193)F were immunostained with anti-HA and anti-MSL2 antibodies. No significant binding to the chromocenter or other sites was observed (Fig. 3C) . Thus, MSL2(1-193)F binds to the chromocenter and other sites complexed with MSL1 and binding requires the same N-terminal basic motif in MSL1 that is essential for binding to the X chromosome.
Co-overexpression of MSL1 and MSL2 in roX1 roX2 mutant male larvae led to a significant increase in binding of the proteins to sites on the X chromosome (36) . To determine if overexpression of the amino-terminal domains of MSL1 and MSL2 altered the chromatin-binding pattern, female larvae that contain both the MSL2 F and MSL1(1-265)HA transgenes were briefly heat shocked at 37°C and then left to recover for 4 h. Expression of both transgenes was controlled with the heat-inducible hsp70 promoter. The heat treatment significantly increased protein expression and resulted in stronger immunostaining of the chromocenter and 8D (Fig. 4B to  D) . Weaker binding was seen at a few sites on the X chromosome (e.g., near the tip) in addition to 3F and 10C. However, in general the binding pattern was very similar to that of nonheat-treated larvae (Fig. 4A) . Thus, overexpression does not significantly change the chromatin-binding specificity of the amino-terminal domains of MSL1/MSL2. (32) and binding of the MSL complex to the roX genes overcomes constitutive repression by the NURF complex (4). Thus, a possible explanation for the MSL2 binding patterns shown in Fig. 1 is that the roX RNA levels are low in female nuclei that express the shorter versions of MSL2 but high in females that express the longer version that binds to the X chromosome. However, MSL2(1-193)F, MSL2(1-524), and MSL2(1-649) consistently bound to 3F and 10C in female nuclei, the locations of the roX1 and roX2 genes, respectively (Fig. 5A ). Although MSL2(1-683) bound weakly to chromatin, binding to 10C was seen in most nuclei. Thus, it is possible that these shorter versions of MSL2 could be either binding and stabilizing nascent roX transcripts or binding to the roX genes and increasing expression in female nuclei.
We next measured roX RNA levels in females that express truncated versions of MSL2. Low levels of roX1 RNA were detected by Northern blot hybridization analysis in transgenic females that express any version of MSL2 that contains the amino-terminal domain (Fig. 5B) . Further, the levels of roX1 RNA appeared to be similar in the different strains. Quantitative real-time RT-PCR assays were performed to more accurately determine the level of the roX RNAs. We found that there was a three-to fivefold increase in the roX1 RNA level in females that express any truncated version of MSL2 that contains the amino-terminal domain relative to wild-type females (Fig. 5C) . Similarly, there was a threefold increase in roX1 in females that express full-length MSL2. roX1 RNA levels were significantly lower than in wild-type males, possibly because of the low basal expression levels of the hsp-msl2 transgenes. Thus, roX1 RNA levels are not significantly higher in females that express versions of MSL2 that bind to the X chromosome. Surprisingly, although MSL2(1-193)F, MSL2(1-524), and MSL2(1-649) bound to 10C, roX2 RNA levels were similar to those of wild-type females (Fig. 5D) . There was an 8-to 10-fold to the chromocenter (arrowhead), the fourth chromosome (4), and sites on the X chromosome (X). H4K16ac staining appears to be largely confined to the chromocenter (E).
increase in MSL2(1-683)-and MSL2(1-743)-expressing females and a 70-fold increase in females that express full-length MSL2. These results suggest that the carboxyl-terminal domain of MSL2 is required for roX2 RNA stabilization and/or activation of roX2 gene expression. Further, aa 649 to 683 and 743 to 773 appear to be particularly important. Both regions are well conserved across nine Drosophila species, with the exception that the 743-to-773 motif appears to be absent in D. grimshawi MSL2 (see Fig. S1 , in the supplemental material). The acidic nature of the 743-to-773 motif may be significant, as some transcription activators contain acidic activation domains (28) . Significantly, roX2 RNA levels were similar in females that express MSL2(1-683) and MSL2(1-743), although only the latter binds normally to the X chromosome. The results shown in Fig. 5C and D were obtained with the roX1 and roX2 primer pairs used by Bai et al. (4) ; however, similar results were obtained with different roX1 and roX2 primer pairs (data not shown). Further, comparable results were obtained with independently isolated RNA preparations (not shown). In total, our results indicate that the different binding patterns of the truncated versions of MSL2 are not due to differences in the levels of the roX RNAs.
Since MSL1 is required for chromatin binding of the aminoterminal domain of MSL2, we next sought to determine if MSL1 was essential for roX gene expression. roX1 RNA was readily detected by RT-PCR in females that express MSL2(1-193)F (Fig. 5E and F) . However, in homozygous msl1 L60 females, roX1 RNA levels were not significantly above that of y w females. Thus, MSL1 is required for roX1 gene expression in females that express the amino-terminal domain of MSL2. These results are more consistent with the results of reference 3 than with those of reference 40.
As roX RNAs coimmunoprecipitate with the MSL proteins (45), we next investigated if the roX1 and roX2 RNAs coimmunoprecipitated with MSL2(1-683), MSL2(1-743), and fulllength MSL2(1-773) from female extracts. In females that express these versions of MSL2, roX1 and roX2 RNA levels are significantly higher than in the control y w females (Fig. 5C and  D, lanes 5 to 7) . Immunoprecipitation experiments were carried out with MSL2 antibody under conditions that preserve RNA integrity. With each protein extract, a mock immunoprecipitation was also performed without added antibody (control). Considerably more roX1 and roX2 RNA coimmunoprecipitated with MSL2(1-743) and full-length MSL2 relative to the control (Fig. 5G) . In contrast, there was little difference in the level of either roX1 or roX2 RNA that coimmunoprecipitated with MSL2(1-683) compared to the mock immunoprecipitation. Similar levels of MSL2 protein were im- (Fig. 5H) . Similar results were obtained with an independent set of immunoprecipitation experiments (not shown).
The carboxyl-terminal domain of MSL2 is required for efficient incorporation of the roX RNAs into the MSL complex.
The coimmunoprecipitation experiments suggested that the roX RNAs are only incorporated into the MSL complex that contains the longer versions of MSL2 that bind normally to the X chromosome. To confirm this suggestion, we next performed in situ hybridizations with a labeled roX1 RNA probe on female polytene chromosomes. roX1 was not associated with either the X chromosome or chromocenter in females that express MSL2(1-193)F or MSL2(1-649) (Fig. 6A and B) . In contrast, the roX1 RNA hybridized to hundreds of sites along the X chromosomes in females that express MSL2(1-743) (Fig.  6C) . Since similar low levels of roX1 RNA are present in females of all three lines (Fig. 5C) , these results suggest that the carboxyl-terminal domain of MSL2 is required for efficient incorporation of roX1 RNA.
The core MSL complex contains three proteins, MLE, MSL3, and MOF, that contain RNA-binding domains (1, 22) . Since these proteins colocalize with the amino-terminal domain of MSL2 to the chromocenter and other sites (Fig. 2) , it might be anticipated that one or more of these proteins could mediate incorporation of roX1 RNA. We wondered if this did not occur in MSL2(1-193)F female nuclei because of the low level of roX1 RNA. To test this idea, we crossed the MSL2(1-193)F, MSL2(1-649), and MSL2(1-743) lines with a strain that contains an hsp83-roX1 transgene that constitutively expresses roX1 RNA (32). As anticipated, there was an about 50-to 150-fold increase in roX1 levels in female offspring of these crosses relative to the y w strain (wild type) (Fig. 6L) , which was at least 20-fold higher than in females of the parental hsp70-msl2 strains (Fig. 5C ). In the salivary gland nuclei of females that coexpress roX1 and MSL2(1-193)F or MSL2(1-649), we observed strong signals of hybridization to many sites at the base of the X chromosome in 80 to 90% of the nuclei (Fig. 6D to G) . In approximately 30% of the nuclei, we observed hybridization to sites spanning several numbered divisions at the base of the X chromosome and also to sites near the tip of the X chromosome (Fig. 6F) . Hybridization signals were also detected at other sites on the X chromosome and autosomes, but these where very inconsistent. Interestingly, in most nuclei we did not detect hybridization to the chromocenter or 8D, although weak diffuse staining was seen over the chromocenter in a few nuclei (Fig. 6F) . In females that coexpress roX1 and MSL2 , hybridization signals were detected at many sites along the length of the X chromosome (Fig. 6H) . To determine if elevated levels of roX1 had altered the chromatin binding of the shorter versions of MSL2, nuclei were stained with MSL2 antibody. Many binding sites were detected at the base of the X chromosome but not at the chromocenter or 8D (Fig. 6I to K) . In some nuclei, complex binding spanned several numbered divisions (Fig. 6I) and in a few nuclei binding was also detected at sites close to the tip of the X chromosome (Fig. 6K) . These results suggested that some roX1 has been incorporated into the MSL complex containing truncated MSL2 and this appears to have led to local spreading from the chromocenter along the X chromosome.
The carboxyl-terminal domain of MSL2 could either bind roX RNA directly or associate with one or more of the proteins in the complex that binds RNA. To address the latter possibility, we tested if any of the MSL proteins coimmunoprecipitate with the FLAG-tagged MSL2 C-terminal domain from extracts from adult females. Neither MSL1, nor MSL3, nor MOF coimmunoprecipitated with MSL2(490-773)F (Fig. 7A , B, and D). However, a small amount MLE coimmunoprecipitated with MSL2(490-773)F in three independent experiments (Fig. 7C) . MLE did not coimmunoprecipitate with the aminoterminal domain of MSL2 (Fig. 7E) . However, a small amount of MLE coimmunoprecipitated with full-length MSL2 from female extracts (Fig. 7F) . Thus, the carboxyl-terminal domain of MSL2 does not bind strongly to any of the other MSL proteins but does appear to weakly associate with MLE.
DISCUSSION
It is has recently become apparent that a large fraction of complex genomes is devoted to the production of noncoding RNAs (38, 39) . While it is clear that some of these noncoding RNAs regulate gene expression, the underlying mechanisms are poorly understood. The Drosophila roX1 and roX2 noncoding RNAs are required for the normal localization of the MSL complex to sites on the male X chromosome. The question is: how do the roX RNAs direct the MSL complex? One possibil- ity is that the roX RNAs invade X chromosomal DNA and form RNA-DNA heteroduplexes (19) . In support of this model, MLE is an ATP-dependent RNA-DNA helicase and this activity is required for binding of the MSL complex to most sites on the X chromosome, except the high-affinity sites (15) . This mechanism is similar to one of the models proposed for how small interfering RNAs guide the transcription-silencing RITS complex to homologous centromeric repetitive sequences in Schizosaccharomyces pombe (49) . Alternatively, incorporation of the roX RNAs could alter the chromatin-binding specificity of the MSL complex. Our results provide some support for this model. We found that the amino-terminal domains of MSL1 and MSL2 (MSL1N/MSL2N) bind as a complex to the chromocenter and a few other sites. Although a low level of roX1 RNA was present, it was not incorporated into the MSL1N/MSL2N complex. Binding to the chromocenter required the same 26-aa N-terminal basic motif in MSL1 that was previously shown to be essential for binding to the high-affinity sites on the X chromosome (24) . Thus, the amino-terminal domains of MSL1 and MSL2 form a chromatin-binding module that is required for binding of the complex to pericentromeric heterochromatin (no roX RNA in complex) and to the high-affinity sites on the X chromosome. MSL3, MLE, and MOF colocalized with MSL1 and MSL2N to the pericentromeric heterochromatin and other sites ( Fig. 2 and  8A ). If considerably higher levels of roX1 RNA were supplied by a constitutively active transgene, then MSL2N no longer bound to the chromocenter. Instead, binding was seen over many bands at the base of the X chromosome, suggesting local spreading of the complex from the chromocenter (Fig. 8B) . In situ hybridization data indicated that some of the roX1 was incorporated into the complex, presumably by interaction with one or more of the MSL proteins that contain an RNA-binding domain. Thus, it appears that incorporation of roX1 RNA has altered the binding specificity of the MSL1/MSL2 complex to recognize features on the X chromosome. Conceivably, incorporation of roX RNA could induce a conformational change in the MSL proteins or could combine with the proteins to create a novel chromatin-binding module. Normal binding to hundreds of sites on the X chromosome required motifs in the carboxyl-terminal domain of MSL2 (Fig. 8C) . Further, although levels of the roX RNAs were low, the RNAs were incorporated into the complex. Thus, the role of the carboxylterminal domain of MSL2 could be to promote X chromosome binding by facilitating efficient incorporation of the roX RNAs into the complex. It is also possible that motifs (e.g., basic) in the carboxyl-terminal domain may contribute directly to X chromosome recognition. This could explain why shorter versions of MSL2 lacking the carboxyl-terminal domain only bound to a limited number of sites on the X chromosome in the presence of high levels of roX1 RNA. In female nuclei that express a truncated version of MSL2 that lacks the carboxyl-terminal domain (M2⌬C) and contain a low level of roX RNA, the MSL complex assembles and binds to pericentromeric heterochromatin. roX RNA is not incorporated into the protein complex. Chromatin binding is mediated by the amino-terminal domains of MSL1 (M1) and M2⌬C. (B) However, if roX RNA levels are high, some RNA is incorporated into the complex, which then spreads from the pericentromeric heterochromatin to sites at the base of the X chromosome. (C) Longer versions of MSL2 that contain proline-rich and basic motifs in the C-terminal domain efficiently incorporate low levels of roX RNA into the complex and bind to hundreds of sites along the length of the X chromosome. We suggest that incorporation of roX RNA alters the chromatin-binding specificity of the MSL1/MSL2 complex to recognize features on the X chromosome (B and C). Most of the interactions shown are known from this or previous studies, but it is not known how MLE would associate with the MSL complex that contains M2⌬C and lacks roX RNA (A).
and WW domains recognize proline-rich docking sites (25) . We found that MLE, which contains an RNA-binding domain, weakly associated with the carboxyl-terminal domain of MSL2. Since MLE is required for incorporation of the roX RNAs into the MSL complex (32), the carboxyl-terminal domain of MSL2 may mediate incorporation of the roX RNAs indirectly via association with MLE. However, while MLE colocalized with the amino-terminal domain of MSL2 to the chromocenter, roX1 RNA did not. Since similar levels of roX1 RNA were found in MSL2(1-193)F and MSL2(1-743) females, MLE does not appear to be sufficient to mediate efficient incorporation of roX1 RNA. One possibility is that the proline-and base-rich motifs of MSL2 combine with the MLE to incorporate the roX RNAs. The herpes simplex virus type 1 U S 11 protein binds RNA via an arginine-and proline-rich motif (20) . The first double-stranded RNA-binding motif (dsRBM) in human RNA helicase A combines with a proline-rich motif to form a novel RNA-binding module (18) . RNA helicase A is the human ortholog of MLE. While the dsRBM domains are well conserved between RNA helicase A and MLE, the proline-rich motif is not conserved. Perhaps in Drosophila the proline-rich motif in MSL2 combines with the dsRBM of MLE to form a module that specifically binds the roX RNAs.
In Sciara ocellaris, a very distant dipteran relative of drosophilid species, the MSL proteins bind to all chromosomes and thus appear to have no role in X chromosome dosage compensation (43) . The MSL complex does bind specifically to the male X chromosome in Drosophila species spanning four genera (30) . It will be of interest to determine if a key step in the adaptation of the MSL complex for X chromosome dosage compensation was acquisition of the carboxyl-terminal domain of MSL2 that is required for normal binding to the X chromosome and efficient incorporation of roX RNAs into the complex.
